A B S T R A C T This study shows that tritiated thymidine labeled DNA prepared from mammalian cells by the Marmur technique is a pure preparation of nucleic acid that is composed essentially of two populations of molecules. One molecular population consists of primarily double-stranded nucleic acid, while the other population is of double-stranded nucleic acid with significant single-stranded regions. The double-stranded DNA with single-stranded regions can, depending upon the length of the single strand, behave as "native" DNA or "denatured" DNA on methylated albumin kieselguhr (MAK) column chromatography. Using MAK chromatography we have separated the DNA into a saltelutable fraction composed of primarily double-stranded molecules and an alkaline-elutable fraction containing double-stranded nucleic acid with variable length, singlestranded regions. Endonuclease enzyme removal of the single-stranded regions from the alkaline fraction DNA yields nucleic acid that behaves identically to the salt elutable DNA. Exonuclease removal of the singlestranded regions suggests they are located primarily at the ends of the molecules. Our data show that the alkaline-elutable DNA differs from salt-elutable DNA only in that the former has significant single-stranded regions.
INTRODUCTION
Antibodies to DNA occur in a variety of disease states (1) . However, antibodies to native DNA are felt by many to occur almost exclusively in systemic lupus erythematosus (SLE)1 (1) (2) (3) (4) . In contrast, antibodies to native DNA have been reported in 19% of patients with rheumatoid arthritis, in 24% of patients with primary and secondary uveitis, and even in normal sera (5) (6) (7) . While it has been shown that experimentally induced anti-DNA antibodies react only with denatured DNA, most spontaneous antibodies from patients with SLE react with both denatured and native DNA (1, 2, 8, 9) . The occurrence of antibodies against native DNA is used both diagnostically and prognostically even though there is difficulty in separating reactivity of the antibodies with denatured DNA from that with native DNA (10, 11) . Thus, there is some question of the frequency of occurrence of antinative DNA antibodies and the immunologic specificity of their reaction with DNA.
In probing the nature of the antibodies to DNA in the disease SLE and related diseases, we feel it imperative to be able to define the structure of the nucleic acid used in the various antigen-antibody tests. To better define the nature of purified mammalian DNA used in DNA-antibody binding tests, we have characterized the structure of this DNA by chromatographic and centrifugation techniques before and after enzyme removal of single-stranded re-gions contained in the nucleic acid molecules. We have found that purified mammalian DNA is a heterogeneous mixture of nearly homogeneously double-stranded DNA and double-stranded DNA with significant singlestranded regions. The double-stranded DNA with significant single-stranded regions can, depending upon the length of the single strand, behave as "native" DNA or "denatured" DNA in the commonly utilized chromatographic and centrifugation techniques.
In this report, we have detailed our experimental approach to the characterization of subtle structural defects in the molecules of purified DNA. We have examined in more detail the structural aspects of purified mammalian DNA since this nucleic acid is commonly used in studying the antibodies to DNA found in the sera of patients with SLE. Our studies show that structural defects in the purified DNA molecule profoundly influence the binding of nucleic acid to the antibodies in serum of patients with SLE.
METHODS

DNA preparation. Human epidermoid cancer cells (KB-
A 2120) obtained from Dr. Andrew M. Lewis, Jr. of the National Institute of Allergy and Infectious Diseases, National Institutes of Health were grown in spinner culture in a MEM Spinner medium (Grand Island Biological Co., Grand Island, New York) to a cell density of 500,000 cells per ml. The cells were then diluted with fresh medium to a density of 200-250,000 cells per ml, and 0.3-1.0 mCi of tritiated thymidine (New England Nuclear, Boston, Mass.) was added in a total 1,000-ml culture. After incubation for 24 h at 370C, the culture was harvested by centrifugation and washing with two changes of saline. The cells were kept frozen at -20'C until isolation of the DNA by the Marmur method (12) .
Calf thymus DNA (Sigma Chemical Co., St. Louis, Mo.) was purchased from Sigma as the type I highly polymerized sodium salt. DNA concentrations were measured by the diphenylamine procedure of Burton (13) , and protein concentration was determined by the technique of Lowry, Rosenbrough, Farr, and Randall (14) . For each determination, a standard curve using calf thymus DNA or bovine albumin (Sigma Chemical Co.) was prepared. It has previously been shown that the Lowry test with bovine albumin as a standard is an adequate measure of histone (3).
Methylated albumin kieselguhr chromatography. Methylated albumin kieselguhr (MAK) chromatographic fractionation was performed after the technique of Mandell and Hershey (15) with modifications suggested by Sueoka and Cheng (16) . 10 g of kieselguhr (Johns Manville Co., Maryland Heights, Mo.) was brought to a boil in 50 ml of 0.1 M NaCl-0.05 M sodium phosphate buffer, pH 6.7 (NaCl buffer), and allowed to cool. 2.5 ml of a 1% solution of methylated albumin (Sigma Chemical Co.) was added to the kieselguhr stirring at room temperature. The final solution was stirred at low speed for 30 min and repeatedly poured and packed by air pressure into a chromatographic tube (Pharmacia Fine Chemicals Inc., Piscataway, N. J.). Finally, 1 cm of a boiled and cooled solution of 0.5-g kieselguhr in 10 ml NaCl buffer was packed on top. The columns were then washed with 15 vol of NaCl buffer, stored at room temperature, and used within 7 days. For each group of columns, a previously chromatographed DNA preparation was chromatographed on one column as a test of the MAK preparation.
Elution of DNA on MAK columns. The nucleic acid sample was added to the column in a solution of NaCl buffer at a concentration not exceeding 100 tg DNA/ml buffer, and the flow was subsequently maintained at 0.85 ml/min by a peristaltic pump (LKB Instruments Inc., Rockville, Md. Cesium chloride equilibrium density centrifugation. Cesium chloride (CsCl, Harkshaw Chemical Co., Solon, Ohio) was dissolved in 0.01 M Tris-HCl buffer, pH 7.8, and the final density of the solution adjusted to approximately 1.715 g/ml by determining its refractive index in a refractometer (Bausch and Lomb Inc.). DNA samples were mixed in a total of 5.0 ml of CsCl solution and centrifuged immediately in Beckman polyallomer tubes (Beckman Instruments Inc., Fullerton, Calif.). The centrifuge tubes had been siliconized by coating the interior with a 100-fold dilution of Siliclad (Clay Adams Co., Parsippany, N. J.) and dried overnight at 600C. Centrifugation was carried out by the fixed angle method of Flamm, Bond, and Burr (17) in a type 65 rotor of a Beckman L2-65B ultracentrifuge for 40 h at 40,000 rpm at 20'C to establish a stable concentration gradient. The contents of each tube were sampled by piercing the bottom of the tube and collecting 150 ,ul fractions using a constant volume displacement device (Micro-Metric Instruments Co., Cleveland, Ohio). The formation of the gradients were checked by measuring the refractive index of alternate fractions. Radioactive scintillation counting was performed on 25-50 ul aliquots dissolved in Scintisol.
Neurospora crassa endonuclease. The Neurospora crassa nuclease is an enzyme specific for single-stranded nucleic acid first described by Linn and Lehman (18, 19) . The enzyme used in this study was purified from conidia purchased from Miles Laboratories Inc., Elkhart, Ind. (control no. 21-1-758) by the technique of Rabin, Preiss, and Fraser (20) . For each enzyme isolation, 250 g of frozen conidia paste was thawed overnight at 0-4'C and suspended in 800 ml of 0.05 M glycylglycine buffer, pH 7.0. 50-ml aliquots in a beaker suspended in an ice acetone bath were sonicated for 6 min at full power with a Branson model 75 sonicator fitted with a flat tip on a disrupter horn (Ultrasonic Systems, Inc.. Farmingdale, N. Y.). Our isolation procedure was modified according to suggestions of the Rabin et al. (20) (26) . The capacity of MAK columns is about 1 mg of DNA for 10 ml of MAK suspension (16) . A MAK profile of purified KB DNA was obtained by chromatographing 180,ug of KB DNA on a 10-ml MAK column and eluting first with a linear salt gradient followed by a stepwise increase in pH using three solutions of 1.0 M NaCl-0.05 M sodium phosphate buffered to pH 7.0, 10.7, and 11.6. The elution profile revealed a broad double-peaked salt elution which suggests heterogeneity of the "double-stranded" DNA, followed by three peaks in the alkaline gradient. The three fractions in Fig. 1 CsCI equilibrium density gradient centrifugation.
The technique and interpretation of data gathered from CsCl equilibrium density gradient centrifugation has been well described by Szybalski and Szybalski (27) .
It has been shown that one can calculate the base composition of the DNA from its peak bouyant density in CsCl (28) . When heat denatured DNA is centrifuged in a CsCl gradient, it moves to a density that is greater than its undenatured counterpart (29) . The increase in density of denatured DNA probably relates to the fact that the single-stranded subunits form collapsed struc- (Fig. 3) . The undenatured DNA has a slight skew towards a higher density, but this is not nearly as obvious as with the unfractionated DNA.
Enzyme-treated salt fraction DNA recovered from MAK chromatography was subjected to the same centrifugation at the same concentration of nucleic acid (Fig. 5 ). This DNA sample centrifuged as a symmetrical band at a density about 0.005 g/ml lower than the 6 CsCI equilibrium density fraction DNA before (0---0) ant donuclease removal of single strands. tivity with nuclease incubation, as ous section. Significantly, the salt not have the obvious skew which tionated DNA, shown in Fig. 3 , former fraction contains relati double-stranded nucleic acid. In th 100% of the added radioactivity was recovered in the gradients.
For the alkaline fraction DNA, 4 Ag of nucleic acid was centrifuged in a neutral CsCl gradient. As shown in the open circles in Fig. 6 , this DNA fraction centrifuged with a peak density of about 0.003 g/ml less than salt fraction DNA, but there was a dramatic skew to the + Enzyme curve extending into the denser part of the gradient. In contrast, 3 ig of the enzyme-treated and rechromatographed alkaline fraction DNA yielded a symmetrical 0 radioactive peak in the gradient (Fig. 6, closed circles) .
The endonuclease (enzyme)-treated DNA has a peak density identical with that of enzyme-treated salt fraction DNA. In the enzyme-treated sample, 100% of the added radioactivity was recovered in the gradient as that would add to the skew effect.
MAK profile of KB DNA before and after digestion gradient of alkaline with the UV-exonuclease. A control MAK profile of d after ( *-) en-purified KB DNA was obtained by chromatographing 1 ug of nucleic acid on a 2 ml MAK column and eluting shown in the previfirst with a 5 M salt buffer, pH 6.7, followed by a 1 M fraction DNA does salt buffer, pH 11.6. 1-ml samples were collected and is present in unfrac-100 Al aliquots of the fractions assayed for radioactivity.
indicating that the As can be seen from the profile on the left in Fig. 7 , vely homogeneously about 65% of the radioactivity eluted in the salt gradie above experiments, ent while 35% was eluted at the alkaline pH. 2 Ag of DNA were incubated with 10 U of UV-exonuclease in 0.6 ml of incubation mixture at 370C for 4 h. After incubation the mixture containing the enzyme and a control mixture were sampled for total and acid soluble radioactive counts. The remaining portion (0.4 ml) of the enzyme-treated mixture was added to a 2-ml MAK column and chromatographed as described above. As can be seen from the profile on the right in Fig. 7 , about 95% of the radioactivity was now eluted in the salt gradient. During incubation, the enzyme had released 3.9% of the total radioactivity contained within the nucleic acid.
The above results are virtually identical to those obtained with endonuclease digestion of single-stranded regions in KB DNA. The exonuclease released 3.9% of total radioactivity while the endonuclease, in a similar experiment, digested 2.3% of input radioactivity in the nucleic acid. After enzyme digestion of the singlestranded regions in the nucleic acid, the DNA behaved as if uniformly double-stranded on MAK chromatography as in Fig. 2 . The above data indicate that the single-stranded regions of the purified KB DNA occur primarily at the ends of the molecules.
Binding of DNA to selected normal sera and sera of patients with SLE. Fig. 8 Based on dose response curves like the above, salt and alkaline fraction DNA were tested using 0.0124 and 0.0156 Ag of DNA per Ad of serum. Table II shows sera from patients with active SLE always bound a higher percent of salt fraction compared to alkaline fraction DNA. The reverse is true with normal sera, but the difference is small. Differences in salt and alkaline preparation and DNA concentrations probably account for the day to day variability. The percent binding of SLE sera with salt fraction DNA is different from alkaline fraction at P < 0.01. The difference in DNA binding between salt and alkaline fraction DNA is 50%, but as previously shown, at least 85% of the DNA in the alkaline fraction is composed of double-stranded nucleic acid. Thus, with this small sample of sera tested at different times with different MAK column preparations, the percent binding with alkaline DNA was always less than with salt DNA.
DISCUSSION
We have shown that DNA prepared from mammalian cells by the Marmur technique is a pure preparation of nucleic acid that is composed primarily of two populations of molecules. One of the populations consists of primarily double-stranded nucleic acid while the other population is of double-stranded nucleic acid with significant single-stranded regions. Techniques such as the Marmur procedure designed to yield purified preparations of DNA invariably cause shear breakage of the In addition, we have found that initial fractionation of relatively large quantities of DNA on MAK columns may be incomplete in that it does not strictly separate double-stranded DNA from double-stranded DNA with significant single-stranded regions. We cannot explain this observation except that it may relate to the extent that double-stranded and single-stranded regions are able to bind to the methylated albumin on any given passage through the chromatographic column. In addition, concentrated DNA suspensions have a tendency to form aggregates which could influence the binding of double-stranded and single-stranded regions to the column (34) . The double-stranded DNA with singlestranded regions, alkaline fraction DNA, may behave as if denatured in CsCl density centrifugation (Fig. 6) suggesting that the molecule undergoes conformational changes which could lead to variable binding to the chromatographic suspensions depending upon the configuration of the nucleic acid. Endonuclease treated salt (Fig. 5) and alkaline ( Fig. 6 ) fraction DNA have the same peak bouyant densities. This indicates that the double-stranded regions in the two fractions have the same average base content. This suggests that base content alone does not account for the differences in binding to the column.
Of particular interest is the fact that the alkaline fraction DNA, while releasing over 70% of its radioactivity to digestion by the single-strand specific enzyme, loses only about 10% of its total nucleic acid to enzyme incubation. The salt fraction DNA releases 1% of its radioactive counts and a nonmeasurable amount of nucleic acid to enzyme digestion of single-stranded regions. Since our DNA was labeled with tritiated thymidine, we have concluded from these findings that the single-stranded regions have a high thymine or adenine and thymine content. We doubt that nonrandom labeling is a cause of the above results because (a) the growing cells had gone through two doublings before harvesting, and (b) the base content of the double-stranded regions of both fractions is identical. However, it is possible that thymine-rich regions may be preferentially labeled because they serve as growing points during DNA replication. It has been shown in nucleic acid denaturation studies that A-T base pairs separate more easily than guanine-cytosine (G-C) base pairs, presumably on the basis that the A-T base pairs have two hydrogen bonds while the G-C base pairs have three hydrogen bonds between the bases (35 Koffler and coworkers have shown that sera with antibody to double-stranded DNA are inhibited by the synthetic single-strand polymer poly dA, less so by poly dT, and least by the polymer poly dC (1). Stoller, Levine, Lehrer, and Van Vunakis have shown that tetranucleotides of thymine inhibit complement fixation by antibody to denatured DNA, and that this inhibition falls off with tetranucleotides enriched with cytosine rather than thymine (37) . Additionally, these authors showed that the serum antibody did not fix complement in the presence of denatured synthetic poly dAT. These data point to the important influence of singlestranded areas rich in thymine or thymine and adenine in the reaction of some SLE antibodies to nucleic acid. The antibodies in patients with SLE may be directed to a large degree at the ends of "native" DNA that contain short single-stranded regions rich in thymine and also at areas of bifurcation between double-stranded DNA and A-T rich single-stranded regions in denatured DNA. Therefore, we propose that the antigenic site in DNA, to which antibodies against native DNA are directed, contains both double-stranded and single-stranded nucleic acid. This suggestion would explain why synthetic polymers rich in adenine or thymine or denatured DNA with its single-stranded regions relatively rich in A-T might inhibit the SLE antibodies to primarily double-stranded DNA but not necessarily cross-react with it. This inhibition could take place by the base pairing of the polymers or single-stranded regions in denatured DNA to the single-stranded ends of the double-stranded DNA, thereby covering up the antibody binding site; or the polymers could inhibit the antibody binding to double-stranded DNA by reacting with only a portion of the antibody combining site.
The simplest explanation for our results and those in the literature is outlined in the model represented in Fig. 9 . The DNA molecule shears at A-T rich regions.
At least two populations of molecules are produced:
(a) one with very short ends that behaves as doublestranded DNA and (b) another with long ends that behaves like denatured DNA. This model suggests that antibodies in patients with SLE to double-stranded DNA may react at the ends of the molecules in the region where the molecule is rigid, but where the nucleotides are in part exposed. Note that short single-stranded regions may be part of the binding site. However, alkaline-elutable DNA has long single-stranded ends which will curve around the end of the DNA and prevent the interaction of antibodies with the molecule. Several predictions of this model are being tested. Polynucleotides of thymine and/or adenine might inhibit the binding of SLE sera to salt DNA. Truly circular DNA, such as SV-40 DNA, should react very little with anti-DNA antibody. Also, enzyme digestion of alkaline fraction DNA should lead to a marked increase in percent binding with SLE sera containing anti-DNA antibody reactive with salt DNA. Sera reactive with only singlestranded DNA should not bind well with salt fraction DNA, and binding with alkaline fraction DNA should be markedly decreased by enzyme digestion of the singlestranded regions from alkaline fraction DNA.
